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Abstract 
In this paper, a coupled electro-vibro-acoustic model of a loudspeaker is proposed. To model the 
loudspeaker membrane, rather than relying on a purely numerical model, experimental approach including 
mode shapes, resonance frequencies and modal damping are used that are obtained from modal testing. 
The modal parameters are properly scaled considering the effects of the back electromotive force caused 
by magnetic system. In order to investigate the effects of the loudspeaker enclosure on the acoustic 
radiation characteristics, a coupled FE/BE model is used, in which measured modal information is directly 
included. A comparison with experimental results shows the improvement of the solution accuracy given 
by the additional breaking modes. Moreover the effects of the back electromotive force are further 
investigated. 
1 Introduction 
Numerical simulations are indispensable for a full understanding of the physical behavior of loudspeakers. 
Furthermore, they allow reducing development time of products. The possibility of analyzing and 
optimizing virtual prototypes has relaxed the need for very expensive and time consuming physical 
prototype testing. Nevertheless, realizing accurate numerical models is often a challenge for acousticians. 
In coupled vibro-acoustic systems, the interaction between the structural and the fluid components is no 
longer negligible and all components must be regarded as parts of one coupled system. For instance, when 
a thin and light-weight structure is in contact with even a low density fluid like electrodynamic 
loudspeakers, strong coupling effects may occur. 
ATALLA and BERNHARD [1] defined a parameter to quantify the strength of the vibro-acoustic 
interaction,  
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where  is the angular frequency of a time-harmonic structural or acoustic excitation of the system,   is 
the thickness of the structure,    is the mass density of the structure,     and c are the fluid density and the 
speed of sound. According to their study, a criterion of    is also given to assess the vibro-acoustic 
interaction: values of        leads to coupled vibro-acoustic systems, while values of         leads to 
uncoupled vibro-acoustic systems. Commonly, an electrodynamic loudspeaker driver has a strong 
interaction with the acoustic cavity, meaning that it is essential to consider a coupled system to model it 
correctly. Additionally, the behavior of a loudspeaker’s driver must be considered, including the electrical 
effects induced by the interaction between a permanent magnet and a voice coil of the driver.  
In low frequency range, usually the membrane is sufficiently stiff to move as a whole. At high frequencies, 
however, vibrations from the center of the membrane travel towards the edge in the form of waves and 
create resonances that may produce irregularities in the frequency response and influence the sound 
directivity. Consequently, the pressure waves developed by a driver at the resonance frequencies no longer 
resemble the input voltage and hence there may be sound distortion. 
For these reasons, the numerical modeling of a driver is much more complicated than the other 
components. In an early stage design process, simplifying boundary conditions or only the first structural 
piston mode are usually taken into account for the modeling of the driver. However, this approximation is 
accurate only in the low-frequency range. As frequency increases, breaking modes (break up modes) 
become more important and their influences have to be considered to develop an accurate numerical 
model. 
Numerical models of a driver taking into account electro-vibro-acoustic interaction are developed and 
proposed in refs. [2-5] and still on-going to optimize the shape of the membrane.  These studies are useful 
for developing drivers and predicting the characteristics of loudspeaker systems. However it is essential to 
obtain not only precise geometry but also accurate material properties of the driver components. In 
addition, there are still challenging problems to model some elements such as a magnetic fluid, glue and 
so on. Furthermore, these simulations are normally restricted to the low frequency range due to a large 
computational effort required. On the other hand, the characteristics of the membrane behavior were 
investigated experimentally in refs.[6-7]. 
In this paper, to obtain the accurate membrane vibrations including breaking modes, modal testing is 
performed instead of pure numerical simulation for a driver.  Then the radiation considering the cavity 
geometry is calculated by a coupled FE/BE numerical simulation. The improvement of the solution 
accuracy covering the high frequency range is given by the additional breaking modes. Moreover the 
damping and force factors of the driver yielding from each physical field are evaluated. 
 
 
Figure.1  Cross-section sketch of a loudspeaker driver assumed to be mounted in an infinite baffle 
 
2 Basics loudspeaker theory 
2.1 Driver construction 
A cross-section sketch of a typical loudspeaker driver is shown in figure.1. The membrane is supported at 
the outer edge and suspension near the voice coil so that ideally it is free to move in an axial direction. In 
figure.1, the driver is mounted in a flat infinite baffle board. The baffle acoustically isolates the front side 
of the membrane from the rear side. The membrane may be assumed to behave like a piston with radius a 
moving with constant velocity over its entire surface in the low frequency range. This is a reasonable 
approximation at frequencies for which the distance b on figure.1 is less than about one-tenth of the 
acoustic wavelength [8]. 
2.2 Linear circuit model of a driver 
The electro-vibro-acoustic circuit model of a driver with infinite baffle board can be described the 
electrical circuit shown in figure.2. This system is assumed linear and steady-state conditions. 
In regard to electrical field, the current through the voice coil produces electromotive force (EMF) which 
interacts with air-gap flux of the permanent magnet, the voice coil and the membrane. At the same time, 
the motion of the voice coil generates a current whose magnetic field opposes the original one. Hence, the 
force imposed on the voice coil can be described as 
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where    is the electrical impedance,   is the steady air-gap flux density,   is the length of voice coil wire, 
  is the constant input voltage from a generator (audio amplifier),    is the voice coil velocity and      is 
representative of the back electromotive force (or counter EMF). Eq.(2) allows characterizing the 
electrical part of the model. 
On the surface of a membrane, two forces have to be considered, which come from the electromagnetic 
transducer (  ) and from the ambient fluid  (  ). The velocity of the voice coil is 
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where     is the mechanical impedance of the driver. The force from the ambient air can be written as 
 caa uTFF   (4) 
where     is the transfer function between membrane velocity and force imposed by the ambient fluid. 
In order to satisfy each physical condition, eq.(2), (3) and (4) should take into account, eventually the 
force imposed to a membrane can be defined as 
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Eq.(5) represents the coupled electro-vibro-acoustic force that allows relating the pressure. Finally, 
pressure   can be described as 
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where, )/( NPaTFva　  is the transfer function corresponding the sound pressure   at arbitrary field points 
and the vibro-acoustic phenomena of the driver. Since this simple circuit coupling model is assuming that 
the membrane moves as a rigid piston in a rigid baffle and behaves roughly as an omnidirectional source, 
this approximation is only valid in the low frequency range. Moreover, the influence of the cavity 
(loudspeaker box) is neglected in this circuit model. In reality, more complicated problems have to be 
considered in order to realize virtual prototype development. 
 
Figure.2  Electrical circuit of a driver with infinite baffle 
3 Loudspeaker description 
In this paper, a real development situation has been considered. The loudspeaker under analysis is the bass 
reflex loudspeaker system NS-BP400 produced by YAMAHA Corporation (see, figure.3). A straight tube 
called port with of radius 25mm and length 135mm is attached on the back side cavity wall to produce 
Helmholtz resonance enhancing the low frequency sound. The reinforcement panel connecting the side 
walls is called bracing and its main function is to stiffen the cavity and break standing waves that build 
inside the cavity. The inner dimensions are given in figure.3. The air-filled cavity is surrounded with the 
wooden walls with a thickness of 9mm. Two different size drivers are attached in front of the cavity wall 
vertically to produce proper sound from the amplifier. The bigger one is called woofer with radius R, 
while the small one is called tweeter, whose influence is not considered in this analysis. The woofer 
membrane is made of double layer panels of aluminum and kraft paper pressed together. The edge 
suspension is made of Butyl rubber with round shape. The network circuit for adjustment of the 
loudspeaker frequency characteristics and the absorbent materials to eliminate cavity standing waves were 
neglected to simplify the numerical model. 
 
 
 Figure.3  Loudspeaker components and geometry  
4 Coupled FE/BE model 
This section illustrates the numerical model by means of a coupled FE/BE simulation in order to 
accurately predict the radiation characteristics of the loudspeaker system. The interaction between the 
membrane vibrations and the ambient fluid may strongly influence each other especially in the low 
frequency range and at the resonance frequencies of the acoustic cavity. Moreover the membrane 
geometry, sound reflections and diffractions on the cavity surface are taken into account by the numerical 
model to realize an accurate solution. 
4.1 Description of the numerical model 
Figure.4 shows the basic block scheme of the numerical model based on the electrical circuit in figure.2. 
The output signal can be evaluated from the structural and acoustic transfer function multiplied by the 
input signal corresponding to electromagnetic force. Specifically, the vibro-acoustic transfer function is 
estimated by using coupled FE/BE numerical simulation and this is performed by means of LMS 
Virtual.lab 12 software [10]. Figure.5 shows a coupled FE/BE numerical model. The fluid domain is 
modelled by an indirect BE model. FE model is used to model the structural domain corresponding to the 
membrane. A modal approach is used to retrieve the dynamic behavior of the membrane and modal 
parameters are evaluated experimentally. Then the sound pressure is given by rescaling output signal by 
using the input signal data. 
 
 
Figure.4  Numerical modelling scheme 
 
 
Figure.5  Coupled FE/BE numerical model 
In this numerical model, only the woofer was considered as a sound source. The vibration of the structural 
membrane is described by its modal parameters that were mapped to the corresponding acoustic mesh. 
The     force excitation is imposed along   direction and located at the connection between the voice 
coil and the membrane. The rigid boundary conditions are imposed on the remaining walls of the acoustic 
cavity. The solution frequency range is from      up      with a frequency resolution of     . 
The BE mesh consists of 24869 TRIA elements and 12376 nodes. Air density    is set equal to          
   and the speed of sound is       . To avoid pollution due to the presence of fictitious resonances, 
acoustic impedance has been added inside the bracings. For the FE part, 485 nodes have been considered. 
Figure.6 plots the predicted pressure frequency response function in a field point located at axial    from 
the tweeter. This figure compares the result of the coupled vibro-acoustic simulation with and without 
electromagnetic effects. Only the first piston mode is included for the description of the membrane 
behavior. In the low frequency range due to high membrane displacement, sound pressure predictions are 
dramatically different because of the consideration of a back electromotive force (Back EMF). It is 
interesting to notice the damping effect due to the inclusion of the back EMF on the system response. 
 
 
Figure.6 An example of a frequency response of coupled vibro-acoustic loudspeaker model with and 
without the electrical effect 
5 Modal testing of the membrane 
As frequency increases, the dynamic behavior of the membrane becomes more complex. Some sections of 
the membrane will start to vibrate in anti-phase with others due to resonant behavior. As a result, no 
tractable mathematical treatment is available by which the exact performance of the loudspeaker can be 
predicted in the higher frequency range. Additionally, in order to obtain high-accuracy prediction, it is 
essential to characterize not only the first piston mode but also the so-called breaking modes. To this end, 
modal data extracted from measurements of the vibrating membrane are used to enrich the numerical 
model. 
5.1 Measurement set up 
The schematic diagram of the measurement system, including the Polytec single shot laser vibrometer, a 
computer installed LMS Test.lab 12 [11], SCADAS mobile and a power amplifier, is shown in figure.7. 
Due to the small thickness of the membrane and its lightweight, it is not possible to use classical sensors 
like accelerometers as they would change its dynamic properties. Hence a contactless laser vibrometer is 
used to obtain the dynamic velocity over the membrane surface for a frequency range from     up to 
       with a frequency resolution of      . The specifications of testing devices are given in Table1. 
Over 450 measured points were made on a grid with     resolution and the driver is excited by a sweep 
sine signal. The measurements are performed on the bare membrane, without taking into account the 
cavity. 
 
Figure.7  Measurement set up 
 
 
Table 1 Specifications of the measurement devises 
5.2 Identification of the mechanical frequency response 
Figure.8 shows the scheme of the modal testing. As mentioned before, electrical, mechanical and acoustic 
phenomena have to be taken into account to model a driver. Pure mechanical behavior has to be retrieved 
from the measurements that inherently include the three aforementioned phenomena. In order to 
characterize only the mechanical behavior, each force contribution has to be investigated separately. The 
force from the electromagnetic driver system of equation (2) can be rewritten as 
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where )( ce uR is the dynamic electrical impedance of a driver and it’s evaluated experimentally. On the 
other hand, assuming that the membrane is moving like a piston, the force exerted by the air can be 
calculated as 
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with j is 1 , k is wave number, 1J is Bessel function of the first kind and the first order and 1S is 
Struve function of the first order. cu  is the velocity of the coil and is evaluated experimentally at each 
frequency of interest. Figure.9 shows the frequency characteristics of eF (solid line) and aF (dashed line), 
note that eF  refers to the axis on the left while aF refers to the axis on the right. It is clear that the 
contribution of the electromagnetic force eF is more significant than the force from the ambient fluid aF  
and hence aF   can be ignored in the following. The mechanical transfer function of the membrane, 
retrieved using equation (3), is shown in figure.10. This result indicates that the back EMF strongly affects 
the driver, For instance, the damping ratio at the piston mode frequency changes from a few percent to 
around 50%. This mechanical FRFs is used for an experimental modal analysis. 
 
Figure.8  Measurement procedures 
 
 
Figure.9  Electromagnetic force and force caused by ambient fluid 
 
 
Figure.10  Measured FRFs and retrieved mechanical FRFs 
5.3 Characterization of the modal parameters and validation 
In order to characterize the dynamic behavior of the membrane, a modal analysis [9] is performed. The 
modal relation between modal parameters and the measurements FRFs )( jHij  can be described as 
follows, 
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where N is the number of modes within the frequency range under consideration, ijar is the residue of 
mode a , a is the pole of mode a , aQ is the scaling factor of mode a ,  a is the modal vector of mode 
a , * designates complex conjugates and superscript t indicates the transpose operator. Modal parameters, 
including modal frequency, mode shapes and modal damping, are estimated by using a curve fitting 
technique called PolyMAX [11]. Moreover, to confirm the accuracy of experimental modal analysis, 
modal synthesis FRFs )( jH s  is used 
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with UR is upper residual and LR is lower residual. As a criterion of accuracy for modal parameter 
estimation, the correlation between the measured FRFs and the synthesized FRFs at the spectral line i is 
given as 
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where iS is the complex value of the synthesized FRFs at spectral line i and iM is the complex value of 
the measured FRFs at spectral line i . Figure.11 shows an example of the comparison between a measured 
FRFs (solid line) and modal synthesis FRFs (dashed line). The upper figure shows the velocity response 
function and the lower figure is phase characteristics. The results of modal synthesis are in very good 
agreement with measured frequency curve accurately covering the high frequency range. The average 
correlation    given by eq.(13) also presents high value, over 98.5%, accuracy. Some of the modes 
including breaking modes, given by modal analysis are illustrated in figure.12. Once the modal 
frequencies, mode shapes and modal damping are known, they are used to enrich the coupled FE/BE 
model described in section 4.1. As previously mentioned, the structural response is modelled by using a 
modal approach which makes use of experimental data. Five modes are used in the following simulations, 
the first piston mode and the next four breaking modes, located at 2149Hz, 2478Hz, 5470Hz and 5664Hz 
with corresponding modal damping 1.5%, 4.4%, 2.0% and 0.89%.  
 
  
Figure.11  Frequency response function of the membrane 
 
 
Figure.12  An example of detected modal parameters 
6 Experimental validation 
In order to validate the numerical models, the numerical prediction results were compared with 
measurements. The experiments are performed in semi-anechoic room hence the numerical simulation 
model has a symmetrical plane assuming rigid surface with zero normal velocity at the same place of the 
measurement floor. In this way, the incident field is emitted by an image source located on the other side 
of the symmetry plane. Figure.13, 14 plots the predicted sound pressure level at the field point    
distance from the tweeter, see figure.5, for a frequency range from      to       . Figure.13 compares 
the numerical simulation which includes only first piston mode of the membrane (solid line) with 
measurements (dashed line). Figure.14 compares the numerical simulation which includes additional 
breaking modes of the membrane (solid line) with measurements (dashed line). Both the numerical 
simulation cases are in good agreement with measurement frequency curve in low frequency range. As 
frequency increases, however, the discrepancy between the result with only piston mode and 
measurements is gradually increasing. On the other hand, the result taking into account additional 
breaking modes is more accurate covering high frequency range. 
 
 
Figure.13 Sound radiation prediction of a loudspeaker system including the piston mode only 
 
Figure.14 Sound radiation prediction of a loudspeaker system including breaking modes 
7 Conclusions 
This paper discusses the multi-physical numerical simulation for a loudspeaker system. The numerical 
model which takes into account coupled electro-vibro-acoustic phenomena has been developed and 
benchmarked. In order to be able to make an accurate prediction covering higher frequency, the breaking 
modes of the membrane are identified by means of modal testing. From the analytical and experimental 
investigation, it can be said that the behavior of the driver is strongly dependent on the back electromotive 
force. The modal parameters, such as modal frequency, mode shapes and modal damping, are properly 
scaled considering the effects of the back electromotive force caused by electromagnetic system. As a 
result of the comparison between simulation and measurements, the proposed numerical model provides 
the improvement of the solution accuracy brought by inclusion of the additional breaking modes. 
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